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In an earlier article' the need was demonstrated for atomic physicochemical properties for three dimen- 
sional structure directed quantitative structure-activity relationships, and it was shown how atomic 
parameters can be developed for successfully evaluating the molecular octanol-water partition coeffi- 
cient, which is a measure of hydrophobicity. In this work we report more refined atomic values of 
octanol-water partition coefficients derived from nearly twice the number of compounds. Carbon, hydro- 
gen, oxygen, nitrogen, sulfur and halogens are divided into 110 atom types of which 94 atomic values are 
evaluated from 830 molecules by least squares. These values gave a standard deviation of 0.470 and a 
correlation coefficient of 0.931. These parameters predicted the octanol-water partition coefficient of 
125 compounds with a standard deviation of 0.520 and a correlation coefficient of 0.870. There is only a 
correlation coefficient of 0.432 between the atomic octanol-water partition coefficients and the atomic 
contributions to molar refractivity over the 93 atom types used for both the properties. This suggests that 
both parameters can be used simultaneously to model intermolecular interactions. We evaluated the 
CND0/2 gross atomic charge distribution over several molecules to check the validity of our classi- 
fication. We found that the charge density on the heteroatoms in conjugated systems is strongly affected 
by the presence of similar atoms in the conjugation which suggests it should be incorporated as a separate 
parameter in evaluating the partition coefficient. 
INTRODUCTION 
In the process of drug design, medicinal 
chemists determine the biological activity of 
some closely related compounds. When the 
biological system is complex, the biological 
activity is a consequence of a large number of 
very complex steps. Modeling such a system 
is extremely difficult unless the steps are ex- 
amined individually. One very important 
step in biological activity is the binding of the 
ligand (drug) with a biological receptor, 
which depends on the (generally unknown) 
three dimensional structure of the receptor. 
The ultimate objective of any quantitative 
structure-activity relationships is to deduce 
the complementary features of the receptor 
by correlating the structural and physico- 
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chemical properties of the ligands with their 
biological activities. Explanation of the 
simplest biological data, namely the binding 
energy of the ligand with the purified recep- 
tor involves: (i) the three dimensional struc- 
ture of the biological receptor, (ii) knowledge 
of the active site,' (iii) the interaction of the 
biophase with the ligandheceptor, and most 
important (iv) the interaction of the ligand 
with the receptor.' Each process has its ener- 
getic (enthalpic) and entropic contribution. 
The energetic contribution often is easier to 
model than the entropic part. Entropy is re- 
lated to the flexibility of the ligand and the 
receptor as well as the structural randomness 
of the biophase around the ligand and the 
receptor before and after binding. The com- 
plexity of these processes leads to very slow 
development of the rigorous approach and 
suggests finding some method that can give 
us a rough model of the active site. 
Most QSAR approaches are accepted as a 
working tool where the three dimensional 
structure of the receptor is unknown or the 
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active site has not been identified. Where 
such information is known, QSAR may still 
be done to check the validity of the conclu- 
sions drawn from such ~alculations.~ How- 
ever, a more appropriate calculation in such a 
situation is molecular mechanics4 or molecu- 
lar dynami~s .~  The inherent hypothesis in 
QSAR approaches is that we know the rela- 
tive location of one or more groups in the li- 
gands at  the active site. If the nature of the 
groups is the only difference in the ligands, 
the correlation between binding and the 
physicochemical properties of the groups may 
give insight into the nature of the com- 
plementary receptor site, since different 
physicochemical properties are responsible 
for different types of intermolecular inter- 
action. There are three major forces that are 
important in biochemical ligand binding: 
hydrophobic, dispersive, and electrostatic in- 
teractions. Molar refractivity is related to dis- 
persive forces, and the molecular orbital 
charge distribution or the electrostatic poten- 
tial at  the van der Waals radius may be used 
for modeling the electrostatic interaction. 
However, the hydrophobic interaction, al- 
though probably the most important factor 
for biochemical interaction, is least under- 
stood.' The term hydrophobic interaction re- 
fers to the force or the corresponding energy 
that operates between two or more nonpolar 
solutes in liquid water. Although the the- 
oretical work on hydrophobic interactions led 
to a clear understanding of the molecular 
structure of aqueous solution, it has hardly 
begun to build a satisfactory theoretical de- 
scription of the process that has a wide range 
of practical applicability. In such a situation, 
medicinal chemists try to model this inter- 
action using a physicochemical property 
which closely parallels hydrophobicity, 
namely the partition coefficient of the ligand 
molecules between water and a nonpolar sol- 
vent (usually n-octanol). This property, in 
fact, represents nonregiospecific dispersive 
and electrostatic forces and the consequent 
entropic factor. However, the objective of this 
article is not to consider the theoretical aspect 
of hydrophobicity, but rather to develop a dif- 
ferent (atomic) form of an already established 
parameter that has been successfully used to 
represent the hydrophobic interaction. This 
will not only help to understand the distribu- 
tion of the property throughout the molecule, 
but it will help to differentiate the interaction 
between the ligand and receptor at  different 
regions. The advantages of atomic physico- 
chemical parameters over more conven- 
tional group parameters have already been 
discussed.' 
METHODS 
Three important factorsg affect the solu- 
bility of a molecule in a solvent: (1) the energy 
necessary to form a molecular sized cavity in 
the solvent against the intermolecular force 
within the solvent, (2) dispersive interaction 
between the solvent and the solute and (3) the 
electrostatic interaction between the solute 
and the solvent. The partition coefficient of a 
solute in two solvents may be approximated 
as the ratio of their solubilities." The loga- 
rithm of partition coefficient, on the other 
hand, is directly related to the change in free 
energy during the transfer of the solute from 
one solvent to the other. One way of under- 
standing the octanol-water partition coeffi- 
cient is to correlate it with more fundamental 
physicochemical properties, like molar vol- 
ume, formal charge density, and polar- 
izability. With some modification, the atomic 
values of these fundamental properties can 
then be used to get the atomic contributions 
to  partition coefficient. Although this ap- 
proach is scientifically attractive, there are 
several problems with it, particularly, the 
conformational dependency of these funda- 
mental properties for conformationally flex- 
ible molecules. The alternate approach is to 
express the octanol-water partition coeffi- 
cient in terms of the chemical structure of the 
ligand. Rekker et al.ll first gave some frag- 
mental values for calculating the partition 
coefficient from the chemical structure of the 
molecules. Hansch and Leo12 followed the 
same direction and gave a thorough list of 
fragmental values and also a large number of 
correction factors to account for various in- 
tramolecular interactions. It is due to these 
correction factors that regional contributions 
towards the partition coefficient are difficult 
to evaluate. Our approach to avoiding correc- 
tion factors was to evaluate the hydrophobi- 
city on an individual atom basisY8 accounting 
for the undeniable intramolecular inter- 
actions by employing a large number of atom 
types. Unfortunately, intramolecular inter- 
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action is a continuous function, and its dis- 
cretization in terms of atom types should be 
considered an approximation. Therefore, our 
formula for estimating the octanol-water par- 
tition coefficient is: 
log Po, = Cniai 
where ni is the number of atoms of type i, and 
ai is the contribution of the corresponding 
atom type. 
The various types of atoms defined for 
this study are indicated in Table I. The fac- 
tors that led us to this classification are: 
(i) valence geometry (hybridization) of the at- 
om, (ii) formal charge density on the atom, 
(iii) approachability of the solvent molecule 
towards the atom, and (iv) the linear inde- 
pendency of the columns of the data matrix 
arising from Eq. (1). 
The number of a particular atom type in a 
molecule can be evaluated from its chemical 
Table I. Classification of atoms, and their contributions to octanol-water partition coefficient which is a measure 
of hydrophobicity. 
Hydrophobicb No. of Frequency Molar 
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Table I. (contznued) 
Hydrophobicb No. of Frequency Molar 
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Table I. (continued) 
Hydrophobicb No. of Frequency Molar 
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"R represents any group linked through carbon; X represents any heteroatom (0, N, S and halogens); A1 and Ar 
represent aliphatic and aromatic groups respectively; = represents double bond; = represents triple bond; 
-represents aromatic bonds as in benzene or delocalized bonds such as the N-0 bond in nitro group;. . . represents 
aromatic single bonds as the C-N bond in pyrrole. 
bAtomic hydrophobicity in the unit of log P(octano1-water). 
'Atomic refractivity from reference 16. 
dThe subscript represents hybridization and the superscript its formal oxidation number. 
'Extrapolated value from atom type 46. 
fAs in nitro, =N-Oxides. 
Tyrrole type structure. 
hPyridine type structure. 
'Pyridine-N-oxide type. 
structure and the atom type definition, and 
log Po, is taken from the compilation of 
Hansch and Leo.12 The contribution of the 
various atoms, ai, was evaluated using least 
squares. 
RESULTS AND DISCUSSION 
Although the method of calculation in this 
approach is very straightforward, prepara- 
tion of error free input data is by far the great- 
est challenge for this type of calculation. In 
order to do that, we wrote several computer 
programs to automate the various steps.' The 
program CHEMSTRUC, for example, allows one 
to generate the topology of a molecule using 
simple interactive commands. The cor- 
rectness of the structure can be checked by 
graphics. It creates the topology file in the 
format of the Cambridge Crystallographic 
Data File. Another program, CLASIF, uses this 
topographical information to  classify the 
atoms according to Tab. I, and then generates 
the data file corresponding to Eq. (1) for a 
least squares program. 
We generated 830 compounds from the 
compilation of Hansch and Leo12 to evaluate 
the atomic physicochemical parameters. The 
structures of some of the model compounds 
are shown in Figure 1, and their atom classi- 
fication is shown in Table I1 along with their 
observed and calculated log Po,. The atomic 
values obtained in this study correspond very 
well with our earlier values. The atom clas- 
sification was basically the same, with the 
minor modification that hydrogens attached 
to a saturated carbon having zero formal oxi- 
dation number were given different types to 
take into account the effect of somewhat dis- 
tant heteroatoms (types 52-55). The statis- 
tics of the fitting is shown in Table 111. The 
standard deviation of 0.47 is not a large value, 
if we remember that the experimental errorl3 
in the estimation of log Po, is often 0.4 (and 
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Figure 1. Schematic representation of the structures of some representative molecules. The number after 
the nonhydrogen atom indicates the atom label, and that after hydrogen indicates the quantity. The label 
number for hydrogen atoms can be obtained from their point of attachment and the number of nonhydrogen 
atoms. Start numbering from lower to higher nonhydrogen atoms, and then the first hydrogen should be 
numbered one plus the number of nonhydrogen atom. The number at  the middle of the bond indicates the 
bond type as is defined in the Cambridge Crystallographic Data File with some modification. If a heteroatom 
in an aromatic ring system is attached by single bond, it is given the type -6. In general, acyclic bonds are 
represented by plus bond order and the cyclic bonds are represented by minus bond order. A delocalized bond, 
as in a nitro group, is represented as 7. 
generally not given). The atomic con- 
tributions thus obtained were subjected to 
predict the log Po, values of 125 compounds. 
The predicted values were equally good (see 
statistics in Table IV). There were 65 of the 
compounds used in the fitting, approximately 
7.5% of the total, having deviation greater 
than 0.8 = 1.50. (See Table V.) 
Although it is difficult to identify specific 
structural properties responsible for these 
outliers, many fell into five classes, not 
mutually exclusive: (i) conjugated multi- 
heteroatomic systems, (ii) compounds having 
intramolecular hydrogen bonds, (iii) tau- 
tomeric compounds, (iv) dipolar compounds 
and (v) compounds having hydrophobic car- 
bon chains. Although the first type is, by far, 
the most frequently occurring one, the diE- 
culty in the other classes cannot be under- 
estimated. Dipolar compounds, such as amino 
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Table 11. Classification of atoms in selected molecules and their calculated and observed values. 































"See Fig. 1 for the chemical structure of the molecules and their atom numbering. 
Table 111. Statistics of fit of the atomic partition coeficient 
No. of No. of Adjustable Standard Correl. Explained 
Comp. Parameters Deviation Coeff. Variance 
830 94 0.470 0.931 0.850 
Table IV. Statistics of predictive power of the atomic parameters. 
No. of No. of Parameters Standard Correl. 
Comp. used Deviation Coeff. 
125 68 0.520 0.870 
acids, have largely been underestimated in 
the evaluation of log Pow, since they do not 
really contain the free amino or carboxylic 
acid groups attributed to them by the classi- 
fication program. The problem in the com- 
pounds containing hydrophobic hydrocarbon 
chain are of two types: (i) in the small hydro- 
carbons the value has been underestimated, 
e.g., n-pentane; and (ii) the compounds hav- 
ing long hydrocarbon chain have been exag- 
gerated, e.g., decanol. The reason is that the 
values of the contribution of the atom types 
present in these compounds were derived 
mainly from compounds containing one or 
more heteroatoms. Only withdrawing elec- 
trons from carbon or hydrogen makes them 
more hydrophilic. Since our atom classi- 
fication does not distinguish heteroatomic 
substitution even in the second atoms the 
value obtained in our method is somewhat 
less than their normal value. However, the 
overestimation of hydrophobicity in com- 
pounds having long hydrocarbon chains is 
apparently not due to chain f01ding.l~ A 
conceivable explanation would be experi- 
mentally unsuspected aggregation of such 
compounds in the aqueous phase yielding an 
erroneously low value for hydrophobicity. In- 
Ghose, Pritchett, and Crippen 
Table V. List of the compounds having a deviation of 0.8 or more from the observed log Pow.  
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"The compound number in the compilation of Hansch and Leo, ref. 11. 
88 Atomic Physicochemical Parameters 
tramolecular hydrogen bonding is expected to 
increase the hydrophobicity, and although 
it is observed in many aromatic systems, it 
may not be true for aliphatic systems. For 
example, the log Po, of 2-fluoroethanol and 
ethyleneglycol were underestimated. De- 
creased hydrogen bonding due to free rotation 
around single bonds may be partly respon- 
sible. Since most of these causes are ulti- 
mately related to electron redistribution, we 
examined the theoretical charge distribution 
in a large number of compounds, using 
CND0/2.15 Flexible molecules were given to- 
tally extended conformations during charge 
calculation. If the atom classification scheme 
is valid, one would expect little variation of 
charge density within an atom class. Table VI 
shows that even for a methyl carbon attached 
to a carbon (type 1) the charge density varies 
considerably. Although all heteroatoms count 
equally during the classification of the carbon 
atom, the charge density on the carbon has 
been found to be greatly affected by the elec- 
tronegativity of the atom. The variation in 
charge density in the same type is even more 
pronounced among heteroatoms, especially 
when they are in conjugation with other het- 
eroatoms. This result in turn suggests an- 
other approach to get even more refined 
atomic contributions to  the partition coeffi- 
cient. In this approach the atoms would be 
classified according to the nonhydrogen atom 
substitution in the immediate and neigh- 
boring atoms in order to distinguish roughly 
Table VI. The CNDOI2 gross atomic charge distribution on various atom types. 
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'See Tab. I for the definition of the atom types. 
bWhen the molecule has more than one of the indicated type of carbon atom, the IUPAC number is indicated within 
parenthesis to avoid confusion. 
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steric effects. The electronic effect may be 
modeled in terms of the charge density of the 
atom. Work along this line is in progress and 
will be reported in the near future. 
MODELING THE DRUG-RECEPTOR 
INTERACTION 
The drug-receptor free energy of binding 
may be divided into four parts: (i) hydro- 
phobic interaction, (ii) dispersive interaction, 
(iii) electrostatic interaction, and (iv) steric 
repulsion. For drug design purposes, we 
would like to be able to at  least estimate each 
of these factors in the course of correlating 
chemical structure with biological activity 
and predicting the binding of novel com- 
pounds. Using this approximate free energy 
would be easier if it consisted of a linear com- 
bination of atomic terms, and indeed this goal 
is within reach for each of the four factors. 
First, although the hydrophobic interaction is 
poorly understood, its definition suggests 
that it should be strongly correlated with the 
octanol-water partition coefficient. As we 
have already seen, that in turn can be esti- 
mated by a linear function of atomic con- 
tributions. The dispersive interaction has two 
limiting situations.16 It can be either propor- 
tional to M R  or (MR x N)1’2, where N is an 
empirical parameter known as the effective 
number of electrons. It may be a good idea to 
represent dispersive interactions as a linear 
combination of both of these quantities. Elec- 
trostatic interaction may also be considered 
to be a linear function of the atomic charges, 
provided the induction of the ligand on the 
receptor is minimal, and they maintain ap- 
proximately the same relative position in dif- 
ferent ligands. Lastly, if the surface of the 
receptor at  a particular region is relatively 
rigid, repulsive interactions may play a major 
role in the binding process. This interaction 
depends not only on the nature of the receptor 
atoms and their location, but also on the vari- 
ability of their positions. So far, the most de- 
tailed treatment of steric effects in binding 
site models are done with distance geometry 
techniques. l7 
Using all of these parameters is reason- 
able only if they are linearly independent. 
We found a correlation coefficient between 
atomic refractivity16 and atomic partition co- 
efficient of only 0.395, suggesting that they 
can be simultaneously used in a linear ex- 
pression for the ligand receptor interaction. 
The correlation of atomic charge density with 
any of these properties has not been checked 
in general. Charge depends on the confor- 
mation of interest and therefore should be 
checked for the problem concerned. Similarly, 
the correlation coefficient between the 
octanol-water partition coefficient and atomic 
refractivity may not be low in a particular set 
of molecules due to the absence of many atom 
types or due to the difference of their fre- 
quency of occurrence. 
CONCLUSION 
The present study shows that the octanol- 
water partition coefficient of a large number 
of compounds can be represented as an addi- 
tive function of the atom contribution. Since 
octanol-water partition coefficient is not a 
simple additive function, our method of atom 
classification tries to hide the constitutional 
factors. The predicted partition coefficients 
for a large number compounds were also 
within the experimental error. The method 
may give even better results if we take into 
account the effect of the ionization and tau- 
tomerization. However, the large difference 
in the charge density among various atoms 
of the same class suggests that  a better 
approach may be to classify the atoms to dif- 
ferentiate the nature of nonhydrogen sub- 
stitution in the neighboring atom only and 
use one parameter for charge density for 
each atom type. Each atom type may need a 
separate parameter for its charge distribu- 
tion in order to account for its contribution to 
the partition coefficient, since the effect of 
charge density will also be determined by the 
approachability of the solvent towards the 
atom concerned. 
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